Toll-like receptor (TLR)-mediated signaling is proposed as an immunotherapeutic target against tumorigenesis. Natural killer (NK) cells play a critical role in host defense against tumors. Specifically, formation of tumor metastasis in various organs can be suppressed by the local activity of NK cells. In this study, we present a novel TLR7 agonist (termed SC-1) that induces pro-inflammatory cytokines in human blood cells, activates NK cell function, and is highly efficient in preventing lung metastases in a pulmonary metastatic Renca model. Furthermore, a second compound (termed SC-2), acting as dual-specific TLR7 and TLR8 agonist, was evaluated with respect to its immunostimulatory and NK cell-activating capacities. The release of pro-inflammatory cytokines was shown to be even more pronounced with this compound. Additional experiments showed a significant up-regulation of activation marker CD69 on NK cells and increased cytolytic activity of peripheral blood cells compared to the effect of a monospecific TLR7 agonist SC-1. Normally, TLR7 and TLR8 are expressed on different immune cell subpopulations. TLR7 expression on antigen-presenting cells is detected in plasmacytoid dendritic cells, CD34 + -derived dendritic cells, and B-cells, whereas TLR8 is mainly expressed on cells of the myeloid lineage, such as monocytes, macrophages, and myeloid dendritic cells. Therefore, a compound that activates both TLR7 and TLR8 would result in a highly efficient immune system activation and may give rise to an enhanced anti-tumor activity in vivo compared to that elicited by a monospecific TLR7 agonist.
Introduction
Established tumors are a consequence of the selective pressure of the immune system which eliminates susceptible tumor clones. The process results in the selection of tumor cell variants that are able to resist, avoid, or suppress the anti-tumor response (reviewed in Swann and Smyth, 2007) . A promising approach to improve the anti-tumor response involves boosting of the innate immune response with the so-called pathogen-associated molecular patterns (PAMPs). The PAMPs are ligands for Toll-like receptors (TLR), a group of receptors belonging to the innate immune system.
Thirteen members of the TLR family have been reported so far. Their function is to sense pathogen structures from different origins, such as bacteria, viruses, fungi, or protozoan parasites (reviewed in Takeda and Akira, 2005) . TLR 1, 2, 4, 5, 6, and 11 are expressed on the cell surface and recognize external pathogen structures such as lipopeptides (TLR 1, 2, and 6) (Takeuchi et al., 2001 , lipopolysaccharide (TLR2 and TLR4) (Hoshino et al., 1999; Qureshi et al., 1999; Werts et al., 2001) , flagellin (TLR5) , and profilin (TLR11) (Yarovinsky et al., 2005) . TLR 3, 7, 8, and 9 form a group of intracellular TLR and recognize bacterial or viral nucleic acids. TLR3 is responsible for the recognition of double-stranded RNA (Alexopoulou et al., 2001) , whereas DNA with non-methylated CpG motifs is recognized by TLR9 (Hemmi et al., 2000; Bauer et al., 2001; Takeshita et al., 2001; Klinman et al., 2002) . The natural ligand for TLR7 and TLR8 is single-stranded RNA that is rich in guanosine and/or uridine (Diebold et al., 2004; Heil et al., 2004; Lund et al., 2004) .
TLR7 and TLR8 are also activated by small synthetic compounds. Primarily, the imidazoquinoline derivates imiquimod (R837) and resiquimod (R848) were described as TLR7 ligands in mice . A guanosine analogue, loxoribine, was the next immune system activator identified as a TLR7 ligand (Heil et al., 2003; Lee et al., 2003) . To date, several other compounds have been developed as ligands for TLR7 and/or TLR8, that is, CL097 (3M-001) and 852A are mainly TLR7 agonists, whereas CL075 preferably activates TLR8 (Gorden et al., 2005; Harrison et al., 2007) .
Despite the structural similarities between TLR7 and TLR8, their activation has distinct consequences on the innate immune cells and subsequent production of cytokines. Gorden et al. (2005) demonstrated that TLR8 agonists were much more effective than TLR7 agonist at inducing pro-inflammatory cytokines and chemokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-12, and macrophage inflammatory protein (MIP)-1α, in peripheral blood mononuclear cells (PBMC), probably due to the expression of TLR8 on myeloid-derived dendritic cells. In contrast, the TLR7-specific agonist 3M-001-but not the TLR8-specific agonist 3M-002-directly activated plasmacytoid dendritic cells and induced the production of interferon (IFN)-α.
So far, the only approved TLR ligand in the clinical setting is imiquimod (as 5% cream, Aldara ® ; Graceway Pharmaceuticals). It is used for the treatment of genital warts, caused by human papilloma virus infection, and for the treatment of malignant tumors of the skin. Cutaneous tumors that have responded well to topical treatment with imiquimod include basal cell carcinomas (Sterry et al., 2002; Geisse et al., 2004; Schulze et al., 2005) , actinic keratosis (Stockfleth et al., 2002; Szeimies et al., 2004; Korman et al., 2005; Hadley et al., 2006) , keratoacanthomas (Dendorfer et al., 2003) , and cutaneous metastases of melanoma (Bong et al., 2002; Ugurel et al., 2002) . Another imidazoquinoline, resiquimod, has also been evaluated in a clinical Phase II study on actinic keratosis, with positive results (Szeimies et al., 2008) .
Until now, TLR7 and TLR8 agonists were predominantly administered topically due to the side effects reported after oral and systemic therapy (i.e., with imiquimod) (Goldstein et al., 1998) . Systemic administration with resiquimod was even associated with transient peripheral blood leukocyte depletion (Gunzer et al., 2005) . Intravenously administered TLR7 agonist 852A led to similar adverse effects, but was better tolerated overall (Dummer et al., 2008) . However, the anti-tumor efficacy with 852A monotherapy was less convincing in that study; this outcome was probably due to the advanced cancer status of enrolled patients.
Ligands for TLR9, CpG-containing oligonucleotides, were also investigated for cancer monotherapy against melanoma (Pashenkov et al., 2006) , non-Hodgkin's lymphoma (both studies with PF-3512676) (Link et al., 2006) , and recurrent glioblastoma (CpG-28) (Carpentier et al., 2006) . These clinical studies showed an acceptable safety profile, but the frequency of objective responses was relatively low (reviewed in Krieg, 2007) . Therefore, the focus of ongoing clinical trials with TLR9 agonists has shifted to combination therapies with chemotherapeutics; in many instances, these trials have yielded promising results (Wang et al., 2006; Manegold et al., 2008) . For TLR7/8 ligands, similar constellations could be considered.
Since an intact immune system is prerequisite to determine the anti-tumor effects of immunostimulatory agents, tumor models must be performed in immunocompetent animals. Syngeneic murine models can be used for this purpose, usually B16-F10 tumor model in C57BL/6 mice or Renca tumor model in Balb/c mice were utilized (Heckelsmiller et al., 2002; Whitmore et al., 2004) . If injected intravenously, both B16-F10 and Renca cells produce a high number of pulmonary metastasis, allowing the evaluation of new therapeutic approaches for antimetastatic treatment.
In the present study, we analyzed a novel small TLR7-stimulating molecule -SC-1-in terms of its anti-tumor activity. SC-1 induced pro-inflammatory cytokines in human blood cells, activated NK cell functions, and was highly efficient in preventing metastasis in a Renca pulmonary metastatic model. A second cytokine inducing compound -SC-2-was found to be specific for TLR7 and TLR8, and showed an increased NK cell activating potency compared to the monospecific TLR7 agonist SC-1.
In conclusion, novel synthetic TLR7/8 agonists with improved pharmacological features for treatment of a broader range of tumors are still in demand. It is possible that a combination therapy with established chemotherapeutics will be necessary to achieve the full clinical potential of TLR7/8 agonists.
Material and methods

Reagents
Resiquimod (R848) and lipopolysaccharide (LPS, from
Escherichia coli serotype O111:B4) were obtained from Alexis Biochemicals (Axxora Deutschland, Lörrach, Germany). TLR plasmids were purchased from InvivoGen (Toulouse, France). Prelabeled CD69 and NKp46 antibodies were from BD Bioscience (Heidelberg, Germany). All other chemicals were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Animals
Balb/c mice (female, 8 week-of-age) for use in the metastatic model studies were obtained from Janvier (Le Genest Saint Isle, France). All mice were provided a pellet diet produced by sniff Spezialdiäten GmbH (Soest, Germany) and water ad libitum, and were kept as groups of five in well-ventilated cages under standard conditions of humidity (55 ± 5%), temperature (22 ± 2°C), and light (12/12 hr light-dark cycles) in on-site animal housing facilities. The care and all of the animal studies here were conducted in compliance with guidelines of the German Animal Health and Welfare Act (Tierschutzgesetz).
Reporter gene assay HEK293 cells (3 × 10 6 ), stably expressing an NF-κB-dependent luciferase construct, were resuspended in 400 µL medium, mixed with 15 µg plasmid, transferred to a 4-mm electroporation cuvette (BioRad, Munich, Germany) , and electroporated at 200 V and 960 µF using a BTX 600 electroporator (VWR International GmbH, Darmstadt, Germany). The cells were seeded into wells of a 96-well plate (at 3 × 10 4 cells/well), allowed to adhere over 6 hr, and then treated overnight as indicated. Luciferase expression was then measured using OneGlo reagent from Promega (Mannheim, Germany) and a Sunrise Model microplate reader (Tecan, Crailsheim, Germany).
Cells stimulation, cytokine measurement, and FACS analysis
Peripheral blood mononuclear cells (PBMC) from healthy human donors were purified by centrifugation over FicollHypaque (Sigma-Aldrich, Taufkirchen, Germany). Purified PBMC were then washed twice with phosphate-buffered saline (PBS) and resuspended in RPMI1640 culture medium supplemented with 10% heat-inactivated fetal calf serum, 1.5 mM L-glutamine, 100 U penicillin/mL, and 100 mg streptomycin/mL (all from PAN Biotech, Aidenbach, Germany). For immune stimulation, PBMC were seeded at 1 × 10 5 cells/ well and treated as indicated for 24 hr. Concentrations of the select cytokines of interest in the culture supernatants were then determined using a Luminex BioPlex system, following the manufacturer's instructions (BioRad, Munich, Germany). Expression of the early activation marker CD69 on NK cells was analyzed using flow cytometry (FACSCalibur, BD Bioscience, Heidelberg, Germany); for this, stimulated PBMC were stained with fluorescein isothiocyanate (FITC)-labeled CD69 and phycoerythrin (PE)-labeled NKp46 antibodies using standard protocols described in Shevach (2005) .
Cytolytic assay with HEK293 cells
Freshly-isolated human PBMC (described earlier) were seeded into a 96-well plate at 6 × 10 /well) were then added to the pre-stimulated PBMC and the incubation extended for a further 4 hr. Luciferase released from lysed HEK293 cells in the supernatant was determined using OneGlo reagent and a microplate reader (as described earlier). The luciferase release was then reported as relative luminescence units (RLU) per well after subtraction of background (i.e., representative of spontaneous lysis).
Renca metastatic model
Renca cells (1 × 10 5 ) expressing β-galactosidase (RencalacZ) were inoculated by intravenous injection into Balb/c mice (n = 10 per group). On Days 1-4, animals were treated intravenously with 30 mg/kg once per Day of compound SC-1 formulated in 20% PEG (Polyethylene glycol 400) or the according amount of vehicle (10 mL/kg). One group was not inoculated and was left untreated as blank control. To determine the metastatic burden, the lungs were taken out and weighed on Day 28. Isolated organs were stained with 5-bromo-4-chloro-3-indoxyl-β-D-galactopyranoside to enhance the visibility of the metastasis. Mice were weighed on Days 1-4, 7, 10, 16, 18, 22, 25, and 28 .
Statistics
A one-tailed Student's t-test was used for assessing the significance of tumor volume differences among the compound treated and the vehicle group in the Renca model.
Results
Two novel synthetic immune system activators signal by stimulation of TLR7 or TLR7 and TLR8 Two novel small organic molecules activating cytokine production -compound SC-1 and compound SC-2-were identified in a cellular screen of PBMC. Treatment of PBMC with SC-1 led to the secretion of IL-6, IL-12p40, and IL-1β ( Figure 1A) . The agent SC-2 was found to be more potent and induced IL-6, IL-12p40, IL-1β, and TNFα ( Figure 1A ) at levels comparable to that due to the resiquimod (R848) that was used as a control. Interestingly, SC-2-induced production of IL-1β and TNFα was highest at 3-10 µM and decreased at 30 µM. No decreasing effect of higher concentration of SC-2 could be observed on IL-6 production. Thus, it is unlikely that this effect is due to the unspecific toxicity of SC-2 at 30 µM. This bell-shaped dose-response curve has often been found for other TLR ligands, for example, for CpG-DNA (Vollmer et al., 2004a,b) , and may be explained by negative feedback mechanisms. However, in human clinical studies of systemically administered CpG-DNA, linear dose-response curves were observed (Krieg et al., 2004) , indicating that the observed in vitro dose-response of a TLR ligand might be of limited significance in the clinical setting.
Chloroquine inhibits the maturation of endosomes by buffering their acidification. Since endosomal maturation is crucial for signaling through endosomal TLR, chloroquine is often used to ensure the dependency of the immune stimulation on TLR 3, 7, 8, and 9. The cytokine production induced by the test compounds here was also abrogated by chloroquine addition (data not shown), suggesting that these compounds may be ligands for endosomal TLR.
Among the endosomal TLR, only TLR7 and TLR8 are known to recognize synthetic small molecules such as resiquimod, loxoribine, or imiquimod. Therefore, it was decided to examine if the test compounds activated these toll-like receptors first. For this purpose, a reporter gene assay with an NF-κB-dependent luciferase gene and TLR7 or TLR8 was constructed. In fact, the results in the present study showed that SC-1-induced NF-κB activation was TLR7-dependent, whereas SC-2 activated both TLR7 and TLR8 ( Figure 1B) . Moreover, neither compound was active on TLR9 ( Figure 1B) . Furthermore, the lack of noticeable TNFα production by a specific TLR7 agonist SC-1 is consistent with the report of Gorden et al. (2005) that a TLR8 agonist (i.e., 3M-002) is a better TNFα inducer than a specific TLR7 agonist (i.e., 3M-001).
Novel TLR ligands stimulate NK cell activation and enhance their cytolytic activity One field of application in cancer immunotherapy discussed with regard to TLR ligands is the inhibition of metastasis formation. Natural killer (NK) cells play a crucial role in preventing metastasis (Wiltrout et al., 1985) . Although human NK cells do not express TLR7 or TLR8 and are not directly res ponsive to their ligands, they become indirectly activated through cytokine release by TLR7-or TLR8-responsive immune cells (Hornung et al., 2002; Gorski et al., 2006) . Therefore, the activation of NK cells upon agonist stimulation was analyzed in the PBMC populations here. Both compounds, SC-1 and SC-2, induced up-regulation of an early activation marker CD69 on NK cells at low µM concentrations, with SC-2 being more potent than SC-1 (Figure 2A and B) .
One function of NK cells is to lyse tumor and virustransformed cells. To demonstrate the correlation of increased CD69 expression with the activity of NK cells, a non-radioactive cytolytic assay was designed. Instead of labeling of target cells with 51 Cr, luciferase-producing HEK293 cells were used. HEK293 cells are susceptible to lysis by activated NK and can be used to demonstrate NK cell activity. PBMC pre-stimulated with the test compounds were used as effector cells. Luciferase-induced luminescence resulting from lysed target cells corresponded to the cytolytic activity of PBMC. The internal control resiquimod (R848) induced the lysis of target cells at effector/target ratio of 20:1 and 13:1, but was not effective at 7:1 ratio. The test compounds used in the present study were able to enhance cytolytic activity to the similar extent, with SC-2 again being more efficient at lower concentrations than SC-1 ( Figure  2C ). When incubated with the target cells alone, both compounds had no effect on luciferase release, therefore lacking unspecific cytotoxicity (data not shown).
The novel TLR7 ligand was highly efficient in preventing lung metastasis in the Renca metastasis model
The murine syngeneic renal cell carcinoma (i.e., Renca) model allows evaluation of therapy on metastasis as well as on primary tumors if implanted under the renal capsule of Balb/c mice (Hillman, 2002) . To increase the incidence and number of pulmonary metastasis, Renca cells can be injected intravenously (Chakrabarty et al., 1994) . In this pulmonary metastatic model, the inhibiting effect of the TLR7 ligand SC-1 on the colonization of the lung with the metastasis was investigated. The once per day treatment started 1 day after the injection of 1 × 10 5 tumor cells into the tail vein of Balb/c mice and went for 4 days. A dose of 30 mg/kg SC-1 was then intravenously administered in the SC-1-treated group, while the vehicle group received an according volume of vehicle (20% polyethylene glycol [PEG] ). One group was not inoculated with tumor cells and was left untreated as a blank control. After 28 days, the mice were killed and the metastatic burden in their lungs was assessed via weighing of the excised organs. The lungs of the animals in the group treated with SC-1 displayed, on average, the same weight when compared to the lungs from the control group. On the other hand, the mean weight of the lungs in the vehicle group nearly doubled (from ∼370 to ∼670 mg; Figure 3A) . Differences between the vehicle and SC-1-treated group Human PBMC were treated with indicated stimuli for 24 hr and cytokine production was determined from measures of the culture supernatant by Luminex. The cytokines levels are in pg/mL. One representative experiment out of three using PBMC from different donors is shown. (B) HEK293 cells stably expressing an NF-κB-dependent luciferase construct were transfected with a TLR7, TLR8, TLR9, or mock, and stimulated as indicated. After 16 hr, luciferase activity was determined in cell lysates. As controls, 1 µg/mL LPS, 10 µM R848, or 10 µM ODN2006 was employed.
were highly significant judged by a one-tailed Student's t-test (P = 0.00009).
To visualize the metastasis, the lungs were stained with bromo-4-chloro-3-indoxyl-β-D-galactopyranoside. Virtually no metastasis could be found in the lungs from the SC-1-treated group ( Figure 3C ), whereas the lungs from the vehicle group were highly infested ( Figure 3B ). Body weight as a marker of adverse effects in cancer models was not affected by treatment with SC-1 ( Figure 3D) . As a result, we could show that a novel synthetic TLR7 agonist SC-1 was able to completely prevent the formation of metastasis without apparent adverse effects and that a relatively short treatment period of 4 days was sufficient to achieve this effect.
Discussion
After stimulation of a Toll-like receptor, a cascade of intracellular signaling events is activated that culminates in the production of pro-inflammatory cytokines such as TNFα, IL-6, IL-1β, and IL-12. This series of events is mediated by activation of NF-κB transcription factor that acts as a master switch for inflammation, and of the MAP kinases p38 and JNK that participate in increased transcription of inflammatory genes (reviewed in O'Neill, 2006) . In addition, some TLR agonists can lead to the Type I interferon (IFN) production via IFN regulatory factor (IRF)-5 or -7 (Honda et al., 2004; Kawai et al., 2004; Takaoka et al., 2005) . TLR stimulation of professional antigen-presenting cells also leads to increased expression of co-stimulatory molecules (such as CD80 and CD86) and chemokines. These innate immunity effects can promote tumor regression either directly through the anti-tumor activity of Type I IFNs (Pestka et al., 2004) , or indirectly through the activation of NK cell-mediated tumor killing that is followed by a tumor antigen-specific T-cell response (Liu et al., 2008) .
In the present study, we demonstrated that the treatment of human peripheral blood immune cells with a novel TLR7 stimulating small molecule induced the production of proinflammatory cytokines as well as up-regulation of NK cell function in vitro. In vivo this compound showed a potent anti-metastatic activity in a murine metastatic renal cell carcinoma model. Furthermore, a second compound with Figure 1 , and the up-regulation of an early activation marker CD69 on NK cells was determined 24 h after stimulation. (C) To estimate functionality of activated NK cells, cytolytic activity against HEK293 cells was measured. Specifically, pre-stimulated human PBMC were incubated for 4 hr with luciferase-producing HEK293 cells and luciferase activity was then assessed in the supernatant. Test compounds were used in indicated concentrations; 10 µM R848 was used as control. PBMC from the same donor were used to compare the effect of both compounds. Note that due to the relatively low number of NK cells in PBMC, the cytolytic effect at 13:1 ratio is subject to more variation compared to a ratio of 20:1.
an even more pronounced cytokine inducing capacity was evaluated with respect to its immunostimulatory and NK cell activation capacities. This compound activated TLR8 as well as TLR7 and showed an increased NK cell cytolytic activity compared to the monospecific TLR7 agonist. TLR7 and TLR8 are expressed on different immune cell subpopulations. TLR7 is produced in plasmacytoid dendritic cells, CD34 + -derived dendritic cells, B-cells, and eosinophils. In contrast, TLR8 is mainly expressed in cells of the myeloid lineage, such as monocytes, macrophages, and myeloid dendritic cells (Hornung et al., 2002; Ito et al., 2002; Nagase et al., 2003; Larangé et al., 2009 ). Thus, a compound that activates TLR8 as well as TLR7 would result in a highly efficient immune system activation and may show an enhanced anti-tumor activity in vivo. However, singular systemic administration of the TLR7/8 ligand resiquimod resulted in a transient depletion of leukocytes from the blood (Gunzer et al., 2005) , and sustained treatment with resiquimod induced an immunopathology reminiscent of progressive lymphoid destruction in HIV disease in mice (Baenziger et al., 2009 ). Consequently, it may be possible that the stronger immune activation by triggering both TLR7 and TLR8 is inseparable from the observed adverse effects. On the other hand, cytokine profile induced by different TLR7/8 agonists can vary (Gorden et al., 2005 , and personal observations). Thus, it may be feasible to find a TLR7/8 agonist with a safer immunostimulatory profile than resiquimod without loss of efficacy.
In the evaluation of immunotherapy approaches, the murine syngeneic renal cell carcinoma (Renca) model in immunocompetent Balb/c mice has been commonly used since the 1980s, initially to assess cytokine mono-and cotherapies (Hillman, 2002) . With the discovery of CpG-DNA as a TLR9 agonist, the model was also used to estimate the effectivity of CpG-DNA as a innate immune system stimulus with promising results, illustating the suitability of this model to evaluate the anti-tumor response of TLR agonists on solid tumors (Heckelsmiller et al., 2002) .
In 1994 decided to test the efficacy of the novel TLR7 agonist in this model first. Recently, the anti-tumor effect of another TLR7 agonist, imiquimod, was also assessed in the metastatic Renca model. In this case, the treatment started 1 week after the injection of Renca cells, and the mice were treated orally with imiquimod every other day for 2 weeks. In these settings, imiquimod significantly reduced the number of pulmonary metastasis compared to placebo, and 30% of the animals were completely free of metastasis in the lung (Schwartz et al., 2009 ). However, other models in immunocompetent animals are also available and should be examined to demonstrate the efficacy of our compounds against cells other than Renca tumor cells. The B16-F10 melanoma model in C57BL/6 mice, for instance, has been used to assess anti-tumor effects of loxoribine, CpG oligonucleotide 1826, poly(I:C), and a TLR7/8 ligand 3M-011 (Pope et al., 1994; Whitmore et al., 2004; Dumitru et al., 2009 ). In addition to adverse effects usually surveyed in cancer models, specific adverse effects entailed by TLR stimulation, such as fever, lymphopenia, and splenomegaly should be monitored in any prospective animal models.
In summary, because of their ability to boost the immune system, TLR7/8 agonists are proposed as immunotherapeutic target against tumorigenesis. In addition to their use as a standalone immunotherapeutic agent, TLR7/8 agonists can be combined with standard chemotherapeutics (as proposed for TLR9 agonists) and hold a promise as potential adjuvants in cancer vaccinations (reviewed in Krieg, 2007; Smits et al., 2008 ). The present study described the effects of two novel agonists for TLR7 or TLR7/8 that displayed a potent immunostimulatory activity in vitro. Furthermore, for the novel TLR7 agonist SC-1, anti-tumor in vivo efficacy was demonstrated in a metastatic Renca model. Despite these encouraging findings, further investigation of these promising compounds is required and already scheduled.
